Introduction
Cell culture has been one of the most popular methods for researchers studying mammalian systems since its establishment in the mid-1900s (1) . It is a complicated task, and cells must be maintained under certain growth conditions such as temperature, humidity, CO 2 content, well-adjusted salt concentrations, optimum pH, and the presence of growth factors (2) . Today, many of these factors have been well established and it has become routine to keep most cell contents under these controlled settings. However, one of the critical issues regarding cell culture maintenance that constantly evolve is the formulation of media, whose requirements vary greatly for different cell types. This is especially difficult with primary cells (2) .
Mature vascular smooth muscle cells (SMCs) are able to undergo transition from a quiescent, contractile state to a synthetic, proliferative form (3) . Differentiated SMCs express a group of cytosolic and membrane proteins that are necessary for contractile function (4) . Various factors and diseases such as atherosclerosis, restenosis, and hypertension cause the cells to dedifferentiate into a highly synthetic phenotype (5) . Such phenotypic modulation has recently been reported in aortic aneurysms (6) . Furthermore, many studies report that there is a continuum from the contractile stage to the more proliferative stage, and cells quickly adapt the synthetic phenotype in cell culture (7) . A wide range of signaling factors have been implicated in the transition between these 2 stages, including basic fibroblast growth factor (bFGF), insulinlike growth factors (IGFs), platelet-derived growth factor (PDGF), epidermal growth factor (EGF), angiotensin-II, α-thrombin, factor Xa, endothelin-1, unsaturated lysophosphatidic acids, and fetal bovine serum (FBS) (8) (9) (10) (11) (12) (13) . Hence, a phenotypic change can be expected when cells are cultured in specific medium formulations and then switched to another.
There have been several reports studying vascular SMCs that were grown in different types of media ranging from regular media such as M199 (14, 15) , DMEM (16) (17) (18) , or DMEM/F12 (19) supplemented with FBS, with or without the addition of the above mentioned growth factors, or commercially available media specially optimized for the growth of SMCs (20) (21) (22) (23) . While the optimized media appear valuable in terms of being successful in establishing new primary cell lines and being able to passage longer, they are not cost-effective. Given the variability for the choice of media, it is also hard to cross-compare results from different laboratories. Furthermore, switching from one formulation to another between experiments (14, 19) for several purposes can also lead to changes that may interfere with the problem under study.
In order to understand what kind of changes should be anticipated by shifting growth conditions, we used SMCs isolated from human aorta and grown in enriched or poor medium formulations (medium with or without growth factors) from the day of isolation and then switched to the other medium for 72 h. We observed the effect of changing medium conditions in both of these samples by analysis of global proteomic changes via nano-liquid chromatography-tandem mass spectrometry (LC-MS/ MS). The hypothesis was that cells grown in identical media would exhibit similar proteomes. As expected, we found that switching media resulted in changes in the global proteome. Among the identified proteins, the expression of more than 100 proteins was significantly altered after the medium shift. Within these, 43 proteins were common in the 2 study groups. To our surprise, both the direction of the change (upregulation or downregulation) and the fold change were parallel regardless of whether the change was to the enriched or to the poor medium conditions. We concluded that cells adapt to environmental changes by changing the proteome and similar proteins are effectuated during this adaptation, yet the effect appears to be a result of the environmental change itself, rather than a response to the particular medium used.
Materials and methods

Cell culture
SMCs were either thoracic aortic tissue samples from patients undergoing aneurysm surgery or coronary bypass surgery, as described previously (24, 25) , or were purchased commercially (Cell Applications, Inc., 354-05a). The tissue samples were collected and SMCs were isolated on the same day the surgery was performed. The tissues were kept in phosphate buffered saline (PBS) solution with penicillin (10,000 U/mL, streptomycin 10 mg/mL) until isolation of cells. After the adventitia and endothelial layer of the vessel were removed, the tissue (~2 mm 2 ) was kept at 5% CO 2 , 37 °C, for 0.5-1 h on gelatin-coated plates for attachment before the addition of culture medium. The medium (DMEM/ F12 (Sigma, D0547) + 10% FBS (Biochrome, S0115)) was changed every 2 to 3 days, and cells were passaged once approximately 70%-80% confluency was reached. Cells were maintained in this formulation of medium and were switched to enriched human aortic smooth muscle cell growth medium (SMC-GM, Cell Applications, Inc., 311K) for 72 h, and were then lysed as described below. Cells that were purchased commercially were isolated by the company, grown in an enriched medium, and switched to poor growth conditions (DMEM/F12 + 10% FBS) for 72 h before lysates were prepared. The complete formulation for DMEM/F12 can be found on the Sigma company website, but the formulation for SMC-GM is proprietary. Cell Applications has kindly agreed to partially disclose the ingredients within the growth medium supplement as FBS, rhEGF, rhbFGF/heparin, and insulin. The growth medium also contained 1 g/L glucose and no oxalates.
Immunohistochemistry staining
SMCs were characterized with α-SMC-actin. Cells were seeded on sterile 18-mm cover slips and grown in culture for 48 h. For fixation, cells were incubated in ice-cold methanol for 10 min at -20 °C. Cells were then washed with PBS and stored until staining at 4 °C in PBS. Staining was performed similarly to the protocol used by Akkoyunlu et al. (26) . A ready-to-use detection system was used for immunohistochemistry (UltraVision Anti-Polyvalent, HRP, Thermo Scientific). Initially, the cells were incubated with H 2 O 2 at room temperature (RT) for 10-15 min to block endogenous peroxidase activity. This was followed by incubation in blocking solution for 5 min at RT to block nonspecific binding (Thermo Scientific Ultra V Block). The polyclonal primary antibodies (α-actin, Abcam, ab5694) were subsequently added and the slides were incubated for 30 min (1:100 in PBS). Color formation was achieved by adding diaminobenzidine (DAB) chromogen and DAB substrate mixture (RT, 5-10 min) and the cells' nuclei were visualized by staining with Mayer's hematoxylin.
Sample preparation
Sample preparation was done according to an earlier published protocol (27) . Cultured cells were collected with HyQtase (Hyclone, SV3003001) treatment and later washed twice with 50 mM ice-cold ammonium bicarbonate. Cells were pelleted by centrifugation at 1200 rpm and frozen at -80 °C until LC-MS analysis. Next, 100 µL of 0.1% RapiGest (Waters Corp.), an MS-compatible detergent (in 50 mM AmBic), was added to the frozen cells containing a protease inhibitor cocktail and lysed by ultrasonication (10 s on, 10 s off, for 3 cycles). Cell debris was removed via centrifugation at 14000 × g and the supernatant was collected. Sample desalting was done by washing the protein mixture with 50 mM Ambic in 5-kDa cut-off spin columns (Vivaspin, Sartorius). Next, 50 µg of protein from each sample measured with the Bradford method was transferred to an Eppendorf vial and alkylated with iodoacetamide (10 mM, 30 min of incubation in the dark at RT) following disulfite bond reduction with dithiothreitol (5 mM, 15 min of incubation at 60 °C). Tryptic peptides were generated with incubation of the protein mixture with proteomics-grade trypsin (1:100 protein-to-trypsin ratio) at 37 °C overnight.
LC-MS/MS analysis
The parameters for the LC-MS analysis were optimized previously (27) . A tryptic peptide mixture was spiked with 50 fmol MassPREP Enolase Digestion Standard (Waters Corp.). Three technical replicate analyses were performed for each biological sample, and a 2-µL volume of sample containing 500 ng of tryptic peptide was loaded onto the LC-ESI-qTOF system (nanoACQUITY ultrapressure liquid chromatography (UPLC) and SYNAPT high-definition mass spectrometer with NanoLockSpray ion source, Waters)). Columns were equilibrated with 97% mobile phase A (H 2 O, 0.1% FA) and 3% mobile phase B (ACN, 0.1% FA). The column temperature was set to 35 °C. Peptides were trapped on a nanoACQUITY UPLC Symmetry C18 trap column (5 µm particle size, 180 µm i.d. × 20 mm length) at a flow rate of 5 µL/min for 5 min. Peptides were then eluted from the trap column by gradient elution onto an analytical column (nanoACQUITY UPLC BEH C18 Column, 1.7 µm particle size, 75 µm i.d. × 250 mm length, Waters) at a flow rate of 300 nL/min with a linear gradient from 5% to 40% acetonitrile over 90 min. Parallel collusion-induced dissociation (MS E ) was done at positive ion V mode, applying the MS and MS/MS functions over 1.5-s intervals with 6-V low energy and high-energy collusions of 15-40 V. Mass drift was corrected by infusing glu-fibrinopeptide (500 pmol/µL) every 45 s through the NanoLockSpray ion source at a flow rate of 300 nL/min. Peptide signal data between 50 and 1600 m/z were collected.
LC-MS/MS data processing
Data processing parameters were the default values for the SYNAPT system (27) . Peptide mass measurement was performed at low collusion energy and peptide sequence data collection at higher collusion energies. Tandem mass spectra extraction, charge state deconvolution, and deisotoping were processed with ProteinLynx Global Server v 2.3 software (PLGS) (Waters Corp.). The protein sequence database from UniProt was used. The amino acid sequence of the internal standard (yeast alcohol dehydrogenase, UniProt accession no. P00330) was included in the database.
The Apex3D data preparation parameters were set to 0.2 min chromatographic peak width, 10,000 MS TOF resolution, 150 counts for low energy threshold, 50 counts for elevated energy threshold, and 1200 counts for the intensity threshold. The databank search query was set to a minimum of 3 fragment ion matches per peptide, minimum 7 fragment ion matches per protein, minimum 1 peptide match per protein, and 1 missed cleavage. Carbamidomethyl-cysteine fixed modification and acetyl N-terminal, deamidation of asparagine and glutamine, and oxidation of methionine variable modifications were set. Absolute quantification of the peptides was calculated with the Hi3 functionality of the IDENTITY E system using the spiked known amount of the internal standard (28-30). The false positive rate of the IDENTITY E algorithm is around 3%-4% (31) with a randomized database and is 5 times larger than the original one (32) . The quantitative analysis is based on the identified proteins, which are detected in 2 out of the 3 technical replicate injections. Normalization of the proteins was achieved against the digest of the internal calibrant P00330. The acquired protein fold changes were used in the IPA analysis (IPA version 8.5). The canonical pathways used to construct the protein-protein interaction map were generated with protein identifications having a P-value of <0.05 and greater than 40% expression change.
Results
Sample characterization and morphology
In order to understand the effect of switching medium formulations on the SMC proteome, we extracted SMCs from the thoracic region of the aorta and maintained the cells in the same medium formulation until the day of the experiment. A total of 4 SMC cultures were used in this study: while 2 of the cultures were kept in DMEM Nutrient Mixture F-12 (DMEM/F-12) medium supplemented with 10% FBS from the first day of isolation, 2 others were established and maintained in an optimized smooth muscle cell growth medium (SMC-GM, Cell Applications, Inc.). Due to the small size of the sample obtained, we could not divide the tissue sample into 2 to obtain cell cultures from the same origin grown in different medium formulations from the beginning. However, the differences due to different cell origins are less likely to be significant as each sample (lysate from cells after medium change) is compared to its own origin (lysate from cells always kept in the original medium).
The cells were tested for smooth muscle α-actin positivity (>95%) to confirm smooth muscle origin ( Figure 1 ) and were used for proteomic studies between passages 3-8 (3 and 7 versus 4 and 8). The mean age of all individuals from which the cells were isolated was similar (53 and 58 versus 48 and 54 years). The subjects were all males except for one.
Interestingly, cells did not adapt to a different morphology even though they were switched to a completely different formulation for 72 h. Hence, transient medium changes may not alter basic cellular characteristics such as size, shape, or structure (Figure 2 ).
Label-free LC-MS/MS and data quality
Once cells reached a sufficient number to continue with proteomic analysis (approximately 500,000 cells) and a confluence of 70%-80%, the medium was switched to DMEM/F12 if cells were regularly kept in SMC-GM, or to SMC-GM if cells were regularly kept in DMEM/F12. Cells were maintained in the new medium for 72 h and were lysed and used in LC-MS/MS analyses as described in Section 2. Tryptic peptides generated from SMCs were qualitatively and quantitatively analyzed with label-free nano-LC-MS/ MS methodology. Peptide separation was performed on nanoACQUITY UPLC and peptide m/z measurement and sequencing were performed on a SYNAPT HDMS mass spectrometer. The quantitative rigor of the peptide measurement was evaluated based on 3 technical replicates. A triplicate injection of the control sample followed by the calculation of the standard deviations of the quantitative values for each protein provided the variation in the measurements. The intensity coefficient of variation (CV), expressed as %CV intensity, averaged below 16% across all the identified peptides. The accuracy of the peptide massto-charge ratio of the identified peptides was evaluated and the calculated average mass error for the precursors was shown to be below 5 ppm. Label-free analysis was based on the reproducibility of peptide elution times on nanochromatography instruments. The chromatographic retention time coefficient of variation, calculated as %CV RT, averaged below 0.5%, providing very reproducible peptide elutions for comparative analysis. 
The effect of medium change on the smooth muscle cell proteome
Applying the identification criteria discussed in Section 2, a total of 379 proteins were identified when the medium was shifted from SMC-GM to DMEM/F12, and 294 proteins were identified when the medium was changed from DMEM/F12 to SMC-GM. Utilizing PLGS, the expressions of more than 100 proteins were significantly altered in each experiment. Two additional elimination criteria were applied: first, based on PLGS identification score (a score below 100 was considered unreliable after a manual reevaluation of their protein spectra), and second, based on fold change (intensity cut-off was set to 40% and only the proteins that were up-or downregulated by more than the 40% cut-off were reported). When these limiting criteria were followed, 8 (SMC-GM → DMEM/F12) and 29 (DMEM/F12 → SMC-GM) of the differentially expressed proteins were further eliminated, still leaving about 100 proteins that were significantly differentially expressed. A summary is given in Table 1 .
Interestingly, 43 of the approximately 100 proteins that were found to be significant were the same on both lists. Forty of the 43 proteins were downregulated in response to changing the medium, while only 3 of 43 were upregulated in 1 medium and downregulated in the other. Since these 43 proteins were identified on both lists, we decided to focus on these common proteins in order to understand the effect of medium change on SMCs. The complete list and categorization of these proteins is shown in Table 2 .
Ingenuity Pathway Analysis
Based on their function, the 43 proteins were grouped as ones that play a role in energy metabolism (mainly glycolysis), that play a role in protein folding, that play a role in translation of proteins, that are regulatory, that are structural cytoskeleton proteins, or that belong to annexin family, as well as 3 others that do not fall into these categories. In order to understand how these proteins are associated with each other as well as with other signal transduction pathways, the data were further analyzed using Ingenuity Pathway Analysis (IPA version 8.5) software, which is a knowledge-based database containing biological interactions and functional annotations created from millions of modeled relationships between different types of biological samples and molecules. Interestingly, more than half of these proteins (23/43) were merged into a single network, with a score of 61 (Figure 3) . A score of ≥2 is significant; the score indicates the log of the probability of network eligible proteins appearing in a network by random chance. The higher the score is, the lower the probability of randomness. The complete list of networks and scores is given in Table 3 . Consistent with our manual protein characterization analysis based on function, IPA analysis showed that the top canonical pathway was the glycolysis/gluconeogenesis pathway (P = 2.5 × 10 -9 ), which was followed by the 14-3-3 mediated signaling pathway (P = 1.37 × 10 -5 ). The top 10 canonical pathways and biological functions are given in Figure 4 .
Discussion
It is well known that change in environmental conditions may affect both the morphology and the differentiation state of cells (33) (34) (35) . Not only the composition of the medium but also the replacement of culture media has been shown to affect gene expression in a periodic wave on differentiating cells (36) . On the other hand, some other cell types appear to be less affected by such modifications, where medium change had been reported to have neither favorable nor harmful consequences on the development when cultured in different media, indicating that some factors have less impact on various cellular properties (37) . Indeed, fewer changes are expected to occur when cells are already finally differentiated. The change will also probably be cell type-specific, and the response may be different when different cells are under study. Hence, there still remains a question as to what kind of intracellular molecular changes occur within the cells after changing the culture medium.
In this study, we wished to focus on vascular SMCs as they are frequently used as a model system in the study of cardiovascular diseases and there is a need for switching from one medium to another as a result of experimental protocols. In order to determine the impact of medium change on SMCs, we performed a label-free nano-LC-MS/ MS analysis and examined the changes in the proteome. Before the analysis was performed, our hypothesis was that cells would behave similarly given that they are grown in the same medium. The expectation was that shifting from one medium to the other, i.e. from SMC-GM to DMEM/ F12, would drive the cells to have similar proteome profiles as the ones that were always grown in DMEM/F12. Interestingly, the list of differentially expressed proteins was quite similar: 43 out of approximately 100 proteins were the same on both lists. Such an overlap is quite striking, especially when completely independent samples and different experiments are analyzed. Furthermore, 40/43 of the overlapping proteins had the same direction of expression change (up-or downregulation). Hence, contrary to our expectations, our data indicated that the proteomic differences that we detected were a response to medium shift per se rather than a proteome profile for the cells grown in a specific medium. The presence of growth factors has been shown to result in protein expression changes in SMCs in several previous studies (38) (39) (40) . However, in our study, although we observed changes, the changes were not in response to the presence of growth factors. The fact that we failed to find alterations specific to a growth medium could be explained as follows: 1) the changes are not immediate, i.e. longer incubation times are needed; 2) the altered proteins are of low abundance; or 3) limitations arose, derived from our equipment. Based on our analysis, the glycolytic pathway appeared to be important with several proteins being differentially regulated after a medium change. The 2 formulations have different concentrations of glucose levels (1 g/L in SMC-GM and 3.15 g/L in DMEM/F12), and hence it is not surprising that a change is detected. Interestingly, however, switching to higher glucose levels did not stimulate the glycolytic pathway. Since most of these proteins are downregulated in both switches, we interpreted this result as a response of stalling cellular processes until the cells adapt to new conditions leading to less need for energetic processes. In a similar study, the number of medium changes was shown to affect the proliferation and metabolism of cultured cells (41) . Although in this study we only changed the medium once (yet to a different formulation), both studies indicate that factors regarding the metabolism may be a common denominator as a result of medium change. Indeed, these suggestions should be verified via functional assays and additional immunoblotting experiments to strengthen and draw more rigid conclusions. Interestingly, proteins involved in translation and protein folding were also significantly downregulated, suggesting that synthesis and concurrently folding of new proteins were diminished in the time frame of the experiment. Reduction in the synthesis of new proteins can also explain the decreased requirement for energy production pathways. These 2 data sets show correlation with each other. Surprisingly, although there were no apparent alterations in the morphology of cells after a medium change, our proteomic analysis revealed that several cytoskeletal proteins with examples from all types (including actin filament components, microtubules, and intermediate filaments) were in fact differentially expressed. This finding is further proof that molecular changes are not always reflected at the morphological level. Other identified proteins include regulatory proteins that function in several signaling pathways, suggesting the presence of additional expression changes that we failed to detect. Hence, additional studies are needed to identify more proteins to have a better understanding of the effect of medium.
In summary, our results suggest a general downregulation of proteins in glycolysis and in processes requiring energy such as protein synthesis and folding. With these findings, most importantly, we wish to raise awareness for the type of expression changes that might occur in response to shifting medium, albeit with no significant change in morphology, and draw scientists' attention to the need for careful interpretation of their results.
